The heat transport in a two-dimensional complex (dusty) plasma undergoing a phase transition was studied experimentally. A single layer of highly charged polymer microspheres was suspended in a plasma sheath. A part of this lattice was heated by two counterpropagating focused laser beams that moved rapidly around in the lattice and provided short intense random kicks to the particles. Above a threshold, the lattice locally melted. The spatial profiles of the particle kinetic temperature were analyzed to find a thermal conductivity, which did not depend on temperature.
Thermal conductivity is an important property of matter. It is essential in many engineering applications. On the other hand, the behavior of thermal conductivity in various situations can give an insight into fundamental processes that occur at the atomistic (kinetic) level. The thermal conductivity of a solid or a liquid can (in principle) be measured experimentally. These experiments, however, can only be performed at a macroscopic scale and cannot resolve the details of the heat transfer processes at an atomistic level. The obvious reason for this is the lack of experimental techniques to study the motion of individual atoms or molecules in regular matter at relevant space and time scales. Therefore, an experimental model system where the motion of individual ''atoms'' can be observed in real time is highly desirable.
A suitable model system to experimentally study heat transport at an atomistic level is a complex (dusty) plasma [1] . A complex plasma is an ionized gas that has small particles of solid matter in it. Micron-size particles carry a large negative charge because they absorb more electrons than ions from plasma. Because of a balance of several forces (including electric, ion drag, gravity, neutral-gas drag, and thermophoretic forces) particles can be confined in a plasma region. Then the mutual interaction of the particles causes them to self-organize in a structure, termed a ''plasma crystal,'' that can have a crystalline or liquid order. In this plasma crystal, the interparticle distance is of the order of 0.1-1 mm and characteristic frequencies are of the order of 1-100 Hz, making it possible to observe the motion of individual atoms in real time.
Two-dimensional (2D) complex plasmas that can form in the presence of gravity are an especially attractive model system to study various phenomena at an atomistic level. In a 2D complex plasma, a fully resolved dynamics of particles can be observed, providing a complete kinetic description of experimental system. Complex plasmas were successfully used to study wave propagation [2, 3] , phase transitions [4] , and transport phenomena [5] in 2D geometry.
To our knowledge, so far the heat transport in 2D systems was mostly studied in crystalline lattices, not liquids. For liquids, published work includes a simulation of frictionless hard disks [6] where the thermal conductivity slowly diverged in the thermodynamic limit, and theoretical study [7] where a lack of a valid thermal conductivity was conjectured. Systems undergoing a phase transition were not studied, to our knowledge.
In the present Letter, we experimentally study the heat transport in a 2D complex plasma that is undergoing a phase transition and therefore constitutes a mixture of crystalline and liquid phases. Heat transport at melting conditions is essential in material processing, crystal growth [8] , and pattern formation [9] . In regular matter, the thermal conductivity (unlike self-diffusion and viscosity) does not exhibit any major discontinuity at the liquidsolid phase boundary [10] ; using complex plasmas, this prediction can be verified at kinetic level. Note that published experiments on the heat transport in 2D complex plasmas are limited to crystalline phase [11] ; no data are available for a liquid or melting 2D complex plasma. The heat transport in a liquid complex plasma was studied only in 3D geometry [12] that cannot be directly compared to our 2D system.
Our experimental setup was as in Ref. [13] , using similar experimental parameters. Argon plasma was produced using a capacitively-coupled rf discharge. We used 31 W of rf power at 13.56 MHz, with an amplitude of 144 V peak to peak. The self-bias voltage was ÿ88 V. To reduce the gas friction, Ar was used at a relatively low pressure of 5 mTorr. The neutral-gas damping rate is then accurately modeled [14] by the Epstein expression N g m g v g p r p ÿ1 , where N g , m g , and v g are the number density, mass, and mean thermal speed of gas atoms and p , r p are the mass density and radius of the particles, respectively. With leading coefficient 1:26 [14] , this gave 0:87 s ÿ1 , so that particle motion on the time scales studied here was not overdamped.
A single layer of microspheres was suspended in the plasma. The particles were highly charged and levitated against gravity in the sheath above the lower rf electrode. The particles had a diameter of 8:09 0:18 m [14] and a mass m 4:2 10 ÿ13 kg. The suspension with a diameter D of 50 -60 mm included 5000 particles and rotated slowly in the horizontal plane. The interparticle spacing measured from the pair correlation function gr varied from 0.69 mm in the suspension center to 0.76 mm in its periphery.
The particles were imaged through the top window by a video camera. We digitized movies of 2048 frames at 29.97 frames per second. The 22:7 17:0 mm 2 field of view included 900 particles. The particle coordinates x, y and velocities v x , v y were then calculated with subpixel resolution [15] for each particle in each frame.
At our experimental conditions, the particle suspension self-organized in a highly ordered triangular lattice. The interparticle potential for this lattice is well approximated [16] by the Yukawa potential: Ur Q4 0 r ÿ1 expÿr=, where Q is the particle charge and is the screening length. We used the pulse technique of Ref. [17] , making use of a theoretical wave dispersion relation [18] , to measure Q ÿ12200 1100e and 0:82 0:12 mm. The compressional and shear waves had the sound speeds C L 28:7 2 mm=s and C T 5:4 0:5 mm=s, respectively.
We used the laser-heating method of Ref. [13] to melt the lattice locally and to control the temperature of the resulting liquid complex plasma. Two laser beams with a wavelength of 532 nm were pointed toward the suspension from opposite sides at a grazing angle. Particles were pushed by the radiation pressure force. The laser beams were moved about using scanning mirrors, so that the beam footprints drew Lissajous figures on the suspension with the frequencies of f x 9 Hz and f y 14:5623 Hz. To produce temperature gradients that are mainly onedimensional, with temperature varying mostly in the y direction, we heated a narrow area, 12 mm width in the y direction, which extended fully across the suspension in the x direction.
The particle motion induced by the laser heating had two main components: regular motion (average flow and waves) and random motion. The average particle flow was the slowest component, with the typical velocity range of 0:1-0:3 mm=s and the scale length of 5 mm. Compressional waves were excited in the laser-heating area and propagated across the particle suspension; these had the typical amplitude of 0:5 mm=s and scale length of 3-4 mm. The random particle motion had instantaneous velocities exceeding 1-2 mm=s.
Under these conditions, heat was mainly transferred by thermal conductivity in the region where the temperature gradient was high. The role of waves was to raise the background temperature level due to the viscous conversion of the wave energy into heat.
We calculated the particle kinetic temperature using the following method. Every frame was divided into 80 rectangular bins, arranged in the 5 by 16 grid in the x and y directions, respectively. The bin size was chosen so that we can calculate the mean kinetic energy after subtracting the mean velocity in each bin. In every bin, the velocity distribution of the random particle motion was close to Maxwellian, as shown in the insets of Fig. 1 (these distributions include data for all 2048 frames). Therefore, we calculated the particle temperature in every bin as mhv x;y ÿ v x;y 2 i=k B , where v x and v y are respective components of the particle velocity. Then we averaged these values in each bin over all frames of our data; this gave the averaged temperature T x;y as a function of x and y. This method significantly reduced the effect of pixel locking [13] on the calculated values of T x;y .
The particle temperature was anisotropic, T x Þ T y (see insets of Fig. 1 ). In the laser-heated area, T x 1:1-1:2T y , due to the laser-beam configuration [13] . Far from the heated area, T x 0:5-0:6T y ; here, we attribute the temperature anisotropy to the viscous heating of particles by the waves propagating from the heated area mostly in the y direction. Just outside of the heated area, T x T y . Below, we analyze the averaged temperature T T x T y =2.
The steady-state profile of the averaged particle temperature is shown in Fig. 1 . The temperature was the highest in the laser-heating area and diminished away from it. As expected, the temperature profile was essentially one-dimensional, with no significant variation with x. 
FIG. 1 (color online)
. Steady-state profile of the averaged particle temperature T T x T y =2 at the highest heating laser power of 16 W. Two heating laser beams were parallel to the x axis. Insets show the particle velocity distributions; solid lines indicate Maxwellian fits.
PRL 100, 025003 (2008) P H Y S I C A L R E V I E W L E T T E R S week ending 18 JANUARY 2008
For every value of y, we averaged the particle temperature in the three x-bins that were the farthest from the crystal edge (x > 9 mm), to arrive at the Ty spatial profiles.
In Fig. 2(a) , the particle temperature profiles Ty are shown for different values of the heating laser power. Our particle suspension melts in this temperature range, as it follows from the analysis of the pair correlation function gr. Far from the laser-heated area, gr has the appearance characteristic of the solid phase [13] , notably many peaks and the first peak amplitude of 4.8-6.5, as shown in Fig. 2(b) . Inside the laser-heated area, gr is typical for a liquid phase, including few peaks and the first peak amplitude of 1.6-2.6, as shown in Fig. 2(c) Outside of the laser-heated area, the temperature profiles were well approximated by exponential decay, as shown in Fig. 3 . Here, we plotted the derivative dT=dy, which has the same gradient length as the temperature itself, but is not sensitive to the nearly constant background temperature T b . The gradient length in dT=dy / expy=L heat has the meaning of the heat transport length L heat . From fits in Fig. 3 , we derived the values of L heat .
We model the steady-state temperature profiles (outside of the laser-heated area) assuming locality of the heat transport and hence using the following fluid equation:
Here, , c, n, and v are, respectively, the thermal conductivity, specific heat, areal number density, and flow velocity of our particle suspension; is the gas friction. The temperature of our plasma crystal without laser heating is T 0 800 K. The term in the left-hand side of this equation describes convective heat transfer; the first and second terms in the right-hand side describe, respectively, thermal conduction and the particle kinetic energy dissipation due to the neutral-gas friction. The heat source term S viscous =2@v i =@x k @v k =@x i 2 , where is the shear viscosity, describes the viscous conversion of the kinetic energy of particle directed motion into heat [22] .
For our experimental conditions, the heat transport equation is reduced to divrT 2nT ÿ T b k B . Here, we omitted the convective term because it was small, contributing only less than 10% to the heat balance. The resultant action of the heat source term S viscous is to raise the background temperature T b of the particle suspension. (Estimates using the shear viscosity measured under similar conditions [5] account for 0:5T b ; see inset of Fig. 2(a) . This may mean that other heating mechanisms are at work [23] .) Next, taking into account the nearly exponential spatial profiles of the particle temperature, we obtain for the thermal conductivity: 2nL 2 heat k B . This formula allows us to calculate the thermal conductivity of our particle suspension from the experimentally measured heat transport length L heat .
The heat transport length L heat is shown in Fig. 4 as a function of the maximum temperature achieved in the laser-heated area. For comparison, we also show the phonon decay lengths due to the gas friction, for longitudinal L L C L = and transverse L T C T = phonons, as well as the average diameter of the plasma crystal D. The heat transport length turns out to be the smallest ''macroscopic'' scale length here: L heat < L T < L L . This is a remarkable result, as it shows that the phonon scattering is not affected by the gas friction.
Our initial assumption about the locality of heat transport requires the scale characterizing inelastic phonon interactions -the effective mean free path of phonons '-to be smaller than any macroscopic scale of the problem. The phenomenological definition of the (2D) thermal conductivity is '
where C eff is the effective phonon speed. Taking into account that C L C T and assuming the equipartition of energy distribution between the two acoustic modes, we conclude that C eff ' C L . This yields ' ' 4L 2 heat =L L ' 0:6 mm (Fig. 4) , making our approach well justified. (We assume the regular value for the specific heat c 1 [11, 12] .) Thus, the heat transport in our system that undergoes a phase transition turns out to be rather simple. First, a single exponential curve fits well the spatial temperature profile in a region that comprises both liquid and solid phases (see Figs. 2 and 3) . It is well known that in regular matter the thermal conductivity (unlike self-diffusion and viscosity) does not exhibit any major discontinuity at the liquid-solid phase boundary [10] ; here, we verify this conclusion for a 2D complex plasma. Second, the values of calculated for different particle temperatures are almost the same. This result is not trivial, as individual phases, solid and liquid, are expected to have a temperature-dependent thermal conductivity. We speculate that the mechanism of thermal conduction in our system is phonon scattering on fluctuations that occur in the melting region (e.g., dynamical heterogeneities [24] ).
Finally, we estimate the thermal diffusivity of our complex plasma near melting transition as =cn 2L 2 heat k B =c 9 mm 2 =s. This result is between the values of 30 mm 2 =s and 1 mm 2 =s reported for experiments using a 2D solid [11] and a 3D liquid complex plasma [12] , respectively.
To summarize, the heat transport in a 2D complex (dusty) plasma near a melting transition was studied experimentally. Unlike some simulated equilibrium systems, the particle suspension in our experiment was a dampeddriven nonequilibrium system. A finite thermal conductivity was found, which did not depend on temperature. Future work may include the study of whether the thermal conductivity depends on the system size and other experimental parameters.
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